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Growing incompetent mouse oocytes released from follicular cells are unable to spontaneously resume meiosis in vitro.
To identify the reasons for meiotic incompetence in these cells, the levels of p34cdc2/cyclin B kinase and p42MAPK between
incompetent and competent oocytes were compared. p34cdc2 was present at very low levels in incompetent oocytes and
accumulated abruptly at the time of meiotic competence acquisition. By contrast, cyclin B and p42MAPK were present at
similar concentrations in both types of oocytes. Okadaic acid induced centrosome phosphorylation and meiotic reinitiation
in incompetent oocytes, without inducing an increase in p34cdc2 concentration. However, the p34cdc2 present in incompetent
oocytes was activated and all events following germinal vesicle breakdown were induced up to the formation of a metaphase
I spindle including p42MAPK activation, sustained increase in p34cdc2 kinase activity, and translational activation of a dormant
mRNA. We suggest that a threshold level of p34cdc2 has to be reached for meiotic reinitiation to be spontaneously triggered:
competence is restricted at a point preceding MPF activation. Whatever the mechanism involved in this restriction point,
i.e., subthreshold concentration of p34cdc2 and/or lack of an activator or presence of an inhibitor, it is bypassed by okadaic
acid. Downstream of this point meiosis progresses up to metaphase I, even though p34cdc2 concentration remains low.
q 1996 Academic Press, Inc.
INTRODUCTION 1976; Schultz and Wassarman, 1977; Colonna et al., 1989;
Hirao et al., 1993) and/or the oocyte's intrinsic autonomous
differentiative program (internal clock) (Van Blerkom, 1981;During oogenesis, mouse oocytes enter prophase of the
Canipari et al., 1984). The factors that maintain the pro-®rst meiotic division and remain arrested at the dictyate
phase block and/or promote the acquisition of meiotic com-stage. Thereafter, they undergo a period of extensive growth,
petence remain poorly understood.wherein their diameter increases from about 20 to 80 mm.
It is well known that phosphorylation±dephosphorylationMouse oocytes have been experimentally classi®ed as in-
events are critical for meiotic reinitiation of mouse oocytescompetent or competent according to their respective in-
(Schultz, 1988; Bornslaegeret al., 1988). They are also involvedability or ability to spontaneously resume meiosis when
in cytological changes related to the acquisition of meioticcultured in vitro following their release from the follicular
competence, including the progressive modi®cations in chro-environment. Oocytes acquire competence when they reach
matin organization (Mattson and Albertini, 1990; Albertini,about 80% of their full size (Szybek, 1972; Wassarman and
1992), centrosome phosphorylation, and microtubule dynam-Josefowicz, 1978). Meiotic competence depends on various
ics that occur during prophase (Wickramasinghe et al., 1991;factors associated with the follicle (Erickson and Sorensen,
Wickramasinghe and Albertini, 1992).1974), the oocyte's diameter (Sorensen and Wassarman,
Maturation or M-phase promoting factor (MPF)2 was ®rst
2 Abbreviations used: BSA, bovine serum albumin; GV, germinal1 To whom correspondence should be addressed. Fax: (41 22) 382
43 13. vesicle; GVB, germinal vesicle breakdown; MI, metaphase I; MPF,
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described in amphibian oocytes (Masui and Markert, 1971). the present work was being prepared for publication, similar
results were reported by Chesnel and Eppig (1995a).It has been recognized as the fundamental regulator of cell
division in all eukaryotic cells (for reviews, see DoreÂe, 1990, Knowing that okadaic acid (OA) is able to induce meiotic
reinitiation in incompetent oocytes (Gavin et al., 1991,and Nurse, 1990). MPF is a serine/threonine kinase with
histone H1 kinase activity (for review, see Hunt, 1989). It 1993; Hampl and Eppig, 1995) and also to selectively modify
mRNA levels of several cell cycle regulatory genes (You andconsists of at least two proteins: one is p34cdc2, the homolog
of the protein encoded by the Schizosaccharomyces pombe Bird, 1995; SchoÈnthal and Feramisco, 1993), we used this
phosphatase inhibitor (Bialojan and Takai, 1988; Cohen etcdc2 gene product, and the other is cyclin B, the homolog
of the S. pombe cdc13/ gene product. The protein kinase al., 1990) as a tool for testing whether changes in p34cdc2
levels may be involved in this process. Our results suggestactivity of MPF is regulated by (i) phosphorylation and de-
phosphorylation events (Pondaven et al., 1990; Millar and that the accumulation of p34cdc2 prior to meiotic resump-
tion can be bypassed, possibly through the activation ofRussell, 1992); (ii) periodic association with cyclins, the syn-
thesis and stability of which are highly controlled (Westen- cooperative or alternative kinase pathways.
dorf et al., 1989); (iii) binding to inhibitory protein(s) (Dun-
phy and Newport, 1989); and (iv) controlled synthesis of
p34cdc2 itself (McGowan et al., 1990; Dalton, 1992; Born et MATERIALS AND METHODS
al., 1994). Once activated, MPF initiates mitotic and mei-
otic events (chromosome condensation, germinal vesicle Oocyte collection and culture. Fully grown meiotically
competent oocytes (80-mm diameter) were harvested frombreakdown (GVB), and spindle assembly).
Recent evidence indicates also that microtubule-associ- ovaries of 20- to 28-day-old randomly bred Swiss albino
mice. The follicles were punctured with ®ne forceps in min-ated or mitogen-activated protein (MAP) kinase kinase and
MAP kinase are essential elements in the cascade of phos- imal essential medium (MEM) with Earle's salts (Amimed,
Allschwil or Gibco BRL, Paisley) supplemented with 100phorylations culminating in MPF activation and oocyte
maturation (Nebreda et al., 1993; Kosako et al., 1994a,b). mg/ml pyruvic acid (Sigma, St. Louis, MO), 3 mg/ml polyvi-
nylpyrrolidone (PVP; Fluka, Buchs), and 10 mM Hepesp42MAPK (Hoshi et al., 1988; Rossomando et al., 1989; Ni-
shida and Gotoh, 1992; Shibuya et al., 1992) is activated (Sigma), pH 7.2 (MEM/PVP). The medium was also supple-
mented with 200 mM phosphodiesterase inhibitor 3-isobu-during hormone-induced meiotic reinitiation of Xenopus
oocytes (Haccard et al., 1990; Ferrell et al., 1991; Kosako et tyl-1-methylxanthine (IBMX, Sigma) to prevent the sponta-
neous resumption of meiosis (Cho et al., 1974). Oocytesal., 1994a) and during mouse oocyte meiotic resumption
(Sobajima et al., 1993; Verlhac et al., 1993; Gavin et al., were freed of attached cumulus cells.
Growing meiotically incompetent oocytes (50-, 55-, and1994). As mentioned by Kosako et al. (1994b), the activated
MAP kinase may directly or indirectly regulate some pro- 60-mm diameter) were harvested from ovaries of 8- to 12-
day-old randomly bred Swiss albino mice and oocytes of 65-teins controlling MPF activity, such as cdc25, wee1, and
CAK (for review, see Solomon, 1993). Moreover, puri®ed mm diameter from 13- to 15-day-old mice. Ovaries were
excised and then dissected either in MEM/PVP or in me-MAP kinase can induce the interphase±metaphase transi-
tion of microtubule dynamics in Xenopus egg extracts (Go- dium 199 (M199) with Earle's salts (Gibco BRL) supple-
mented with 0.23 mM pyruvic acid, 15 mM sodium lactatetoh et al., 1991).
The purpose of this investigation was to study whether (Sigma), 0.05 mM EDTA disodium salts (Fluka), and 3 mg/
ml bovine serum albumin (BSA, Sigma), pH 7.2. Oocytesa lack of speci®c proteins involved in the regulation of the
cell cycle might be responsible for meiotic incompetence. were enzymatically dissociated from follicular cells in me-
dium containing 250 U/ml DNase I (Sigma), 3.5 U/ml tryp-Therefore, protein amounts and activation status of p34cdc2/
cyclin B kinase and p42MAPK were analyzed, since these two sin (Sigma) and 59 U/ml collagenase (Worthington, Free-
hold). Oocytes containing intact germinal vesicle (GV) werekinases are good candidates for controlling lamin disassem-
bly occurring at GVB (Peter et al., 1990; Ward and Kirschner, collected and their diameter, excluding the zona pellucida,
determined using a calibrated ocular micrometer mounted1990; Dessev et al., 1991; LuÈ scher et al., 1991; Courvalin
et al., 1992; Peter et al., 1992). In this paper we report that in a Nikon Diaphot inverted microscope.
Oocytes were cultured in a drop of medium at 377C in aincompetent oocytes contain only little cdc2 kinase in the
inactive (pre-MPF) form; the amount of pre-MPF increases humidi®ed atmosphere of 5% CO2 in air under paraf®n oil.
GVB was scored by examination with an Olympus stereomi-dramatically at the time of meiotic competence acquisition.
By contrast, the abundance of cyclin B and of p42MAPK do croscope at 100-fold magni®cation. After 4±6 hr of incuba-
tion, oocytes that had undergone GVB were discarded andnot appear to be limiting factors responsible for meiotic
incompetence. Thus, accumulation of p34cdc2 may play a the GV-stage oocytes were considered thereafter as GVB-
incompetent oocytes. The medium was replaced every 24 hr.key role in the acquisition of meiotic competence. While
Treatment with OA and cycloheximide. Incompetent
oocytes were either microinjected with 30 mM OA (Gibcomaturation or M-phase promoting factor; MAPK, microtubule-as-
BRL) or incubated in OA-containing medium at a ®nal con-sociated or mitogen-activated protein kinase; MBP, myelin basic
centration of 1 mM for 2 hr, washed, and then transferredprotein; MEM, minimal essential medium; OA, okadaic acid; PBS,
phosphate-buffered saline; PVP, polyvinylpyrrolidone. to control medium. Both methods led to similar results.
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Pressure microinjection into zona-intact oocytes was per- Hepes, pH 7.2). The reaction was started by the addition
of 10 ml of a solution containing 10 mM MgCl2, 20 mMformed as previously described (Gavin et al., 1991), with a 1-
mm diameter micropipette (BB-CH Mecanex) using a Nikon protein kinase inhibitor (PKI; Sigma), 0.2 mM ATP (Sigma),
20 mg/ml of each pepstatin, chymostatin, and aprotinin,Diaphot inverted microscope with Normarski optics (300-
fold magni®cation). 40 mg/ml leupeptin, 0.4 mM sodium-orthovanadate, 5 mCi
[32P]ATP (Amersham), 10 mg histone H1 (Boehringer Mann-Cycloheximide (Sigma) was directly dissolved in the cul-
ture medium at a ®nal concentration of 100 mg/ml. This heim, Mannheim), and 10 mg myelin basic protein (MBP)
(Sigma). Reactions were performed at 377C for 20 min andprotein synthesis inhibitor was present during the whole
incubation time. stopped by boiling for 3 min after addition of 20 ml of
twofold concentrated Laemmli sample buffer (Laemmli,Immuno¯uorescence staining and microscopy. Oocytes
were ®xed and extracted in a microtubule-stabilizing buffer 1970). The samples were subjected to 12% SDS±PAGE.
The gels were stained with Coomassie brillant blue R250(0.1 M Pipes (Fluka), 5 mM MgCl2 (Merck, Darmstadt), 2.5
mM EGTA (Sigma), 0.01% aprotinin (Bayer, ZuÈ rich), 1 mM (Fluka) and dried on ®lter paper. The bands corresponding
to histone H1 and MBP were excised from the dried gels.dithiothreitol (Fluka), 50% deuterium oxide (Merck), 0.1%
Triton X-100 (Sigma), and 3% formalin (Sigma), pH 6.8) for Radioactivity was measured by liquid scintillation count-
ing. The histone H1 and MAP kinases assays were linear20 min at 377C. They were washed three times in phosphate-
buffered saline (PBS; Sigma) containing 0.1% BSA (PBS/ with respect to time (for up to 40 min) and number of
metaphase II-arrested oocytes analyzed (up to 20) (data notBSA). Oocytes were incubated in a shaking water bath at
377C for 40 min either with mouse anti-chick a-tubulin shown).
Zymographic assay for tissue-type plasminogen activa-antibody (Amersham, Buckinghamshire) diluted 1:2000 in
PBS/BSA or with monoclonal anti-MPM-2 antibody (gener- tor. Oocytes were solubilized in 10 ml of a solution con-
taining 0.25% Triton X-100 and 2 mg/ml BSA, mixed withously provided by P. Rao) diluted 1:500. They were washed
three times in PBS/BSA and incubated for 40 min with ¯uo- an equal volume of twofold concentrated Laemmli sample
buffer, and subjected to 10% SDS±PAGE (Laemmli, 1970).rescein isothiocyanate (FITC)-conjugated rabbit anti-mouse
IgG (Biogenzia Lemania, Lausanne) diluted 1:20 in PBS/BSA. Gels were run under nonreducing conditions. The zymo-
graphic method (Vassalli et al., 1984) was used. Brie¯y, theThey were then washed three times in PBS/BSA, with the
second wash containing 10 mg/ml of Hoechst dye 33258 gel was shaken for 20 min in 2.5% Triton X-100 in H2O
followed by 20 min in PBS before being layered on the gel(Fluka, Buchs) for DNA staining, and ®nally were mounted
and viewed on a Leitz epi¯uorescence microscope. substrate (0.8% agar (Difco Laboratories, Detroit), 1.3%
Carnation nonfat dry milk, 40 mg/ml plasminogen in PBS).Western immunoblotting. Oocytes were lysed in 10 ml
of lysis buffer (Izumi et al., 1992). The samples were sub- Zymograms were allowed to develop for 28 hr at 377C. Pho-
tographs were taken under dark-ground illumination. Plas-jected to 10±12% SDS±PAGE (Laemmli, 1970). After trans-
fer to a nitrocellulose membrane, p34cdc2, cyclin B and minogen was puri®ed from human plasma by lysine±Sepha-
rose af®nity chromatography (Deutsch and Mertz, 1970).p42MAPK were detected by probing the membranes with, re-
spectively, a monoclonal anti-p34cdc2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), a polyclonal antiserum
against human cyclin B, which cross-reacts with the mouse RESULTS
homolog (generously provided by Mitotix), and a polyclonal
anti-p42MAPK antibody (Santa Cruz Biotechnology), using a p34cdc2 Is Less Abundant in Incompetent Than in
blotting chemiluminescence detection kit (Amersham) ac- Competent Oocytes, Whereas Cyclin B and
cording to the manufacturer's instructions. p42MAPK Are Present in Comparable Amounts
For reprobing the blots, they were stripped of bound anti-
bodies by washing them in a stripping buffer (100 mM b- Incompetent oocytes may be arrested in prophase because
they contain insuf®cient quantities of cell cycle regulatorymercaptoethanol, 2% SDS, and 62.5 mM Tris, pH 6.7) at
507C for 30 min. proteins (indispensable for progression toward M-phase). To
explore this possibility, we analyzed incompetent oocytesEither equal numbers of oocytes or equal volumes of oo-
cytes from incompetent and competent oocytes were sub- (50-, 55-, 60-, and 65-mm diameter) and compared them to
80-mm competent oocytes for the presence of p34cdc2,jected to immunoblotting. Protein content of incompetent
mouse oocytes is related linearly to oocyte volume (Schultz p42MAPK, and cyclin B, by Western immunoblotting. Equal
numbers of oocytes (data not shown) or equal volumes ofand Wassarman, 1977).
Histone H1 and MAP kinases in vitro assays. Oocytes oocytes were analyzed; similar results were obtained with
both approaches. As shown in Fig. 1A, incompetent as wellwere washed and then lysed in homogenization buffer (60
mM b-glycerophosphate (Sigma), 15 mM p-nitrophenyl- as competent oocytes contained three differently migrating
forms of p34cdc2, detected using either an anti-PSTAIRE an-phosphate (Sigma), 15 mM MgCl2, 0.1 mM EDTA, 15 mM
EGTA, 10 mg/ml aprotinin, 1 mM dithiothreitol, 0.1 mM tibody (data not shown) or an anti C-terminal antibody. The
two upper bands correspond to the phosphorylated inactivesodium-orthovanadate (Sigma), 20 mg/ml leupeptin (Sigma),
10 mg/ml pepstatin (Sigma), 10 mg/ml chymostatin (Sigma), protein (threonine 14 and/or tyrosine 15 and threonine 161
phosphorylated) which is known to be associated with2 mM phenylmethylsulfonyl¯uoride (Sigma), and 25 mM
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Since a signi®cant difference in p34cdc2 concentration was
manifest between incompetent 65-mm diameter oocytes and
competent oocytes, cyclin B concentration was determined
in these two classes of oocytes. Cyclin B was detectable at
comparable concentrations in both 65-mm diameter incom-
petent (102.4 { 11.7%) and 80-mm diameter competent
(100%) oocytes (Fig. 1C).
These results show that the acquisition of meiotic compe-
tence is associated with an increase in the concentration of
p34cdc2, as inactive pre-MPF, at the end of oocyte growth.
Meiotic Competence Correlates with the Presence
of High Levels of p34cdc2
Oocytes become progressively capable of resuming meio-
sis when they reach 80% of their full size, i.e., 65-mm diame-
ter (Szybek, 1972; Wassarman and Josefowicz, 1978).
Among oocytes of 65-mm diameter released from their folli-
cles, 25±50% (depending on the donor) spontaneously un-
dergo GVB, whereas 50±75% remain arrested at the GV
stage. Oocyte extracts were analyzed by Western immu-
noblotting for their respective contents in p34cdc2 and
p42MAPK. Oocytes of 65-mm diameter that had remained in
the GV stage contained about ®vefold less p34cdc2 (19.5 {
0.9%) than those that had undergone GVB (100%) (Fig. 2A),
whereas the amount of p42MAPK was similar in both cell
populations (Fig. 2B). In oocytes of 65-mm diameter that
did resume meiosis, the disappearance of the two upper
phosphorylated inactive forms of p34cdc2 was observed (Fig.
2A), suggesting activation of the kinase; indeed, under our
experimental conditions, the threonine 161 phosphorylated
active form of p34cdc2 migrates as the free unphosphorylated
inactive enzyme. Furthermore, p42MAPK was phosphorylated
(activated) in maturing oocytes, as revealed by an upwardFIG. 1. Quanti®cation of p34cdc2, p42MAPK, and cyclin B proteins
in growing incompetent (50-, 55-, 60-, and 65-mm diameter) and shift in migration (Fig. 2B). These results indicate that both
competent (80-mm diameter) oocytes. Proteins were separated by p34cdc2 and p42MAPK are activated at or around GVB, even in
12% SDS±PAGE for p34cdc2 and p42MAPK and by 10% SDS±PAGE oocytes that have only just achieved meiotic competence.
for cyclin B and transferred to nitrocellulose. The blots were probed To exclude the possibility that the elevated levels of p34cdc2
with anti-p34cdc2 (A), anti-p42MAPK (B), and anti-cyclin B (C) antibod- in 65-mm oocytes having undergone GVB were in fact due
ies as described under Materials and Methods. Equal volumes of
to synthesis of the protein following resumption of meiosis,oocytes were loaded per lane. Histograms below the immunoblots
a similar experiment was performed in the presence ofrepresent the intensity of the bands assessed using a scanning densi-
cycloheximide, an inhibitor of protein synthesis (Figs. 2Ctometer; results are expressed as percentage of the value in compe-
and 2D). Here again, only oocytes that did undergo GVBtent oocytes. The experiment was performed three times with simi-
had high levels of p34cdc2, indicating that the protein hadlar results.
been synthesized before resumption of meiosis, at the time
of meiotic competence acquisition. Interestingly, in the
presence of cycloheximide, the activation of p42MAPK did
not occur, indicating, as already described (Sobajima et al.,cyclin B (Zheng and Ruderman, 1993); the lower band repre-
sents the free unphosphorylated inactive p34cdc2 (Draetta 1993), that this kinase is not required for spontaneous GVB,
but will be implicated later for metaphase I (MI) entry.and Beach, 1988; Norbury et al., 1991; Honda et al., 1993;
Atherton-Fessler et al., 1994). The concentration of p34cdc2
increased abruptly at the end of the growth phase (Fig. 1A).
Inhibition of Phosphatase 2A by OA InducesDensitometric analysis revealed that incompetent oocytes
Meiotic Reinitiation in Incompetent Oocytescontain 21.6 { 2% of the amount of p34cdc2 present in com-
without an Increase in p34cdc2 Concentrationpetent oocytes (100%). By contrast, p42MAPK was present in
incompetent oocytes at slightly higher concentrations (144 OA is known to induce GVB in incompetent oocytes, as
reported by Gavin et al. (1991, 1993) and Chesnel et al.{ 27.5%) than in competent oocytes (100%) (Fig. 1B). Simi-
lar results were obtained with p44MAPK (data not shown). (1994), with asynchronous and extremely delayed kinetics.
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ble to those that are already present in competent oocytes
(Figs. 3E and 3F).
We next analyzed whether another important correlate
of meiotic competence acquisition, p34cdc2 accumulation,
was induced by the phosphatase inhibitor, as described in
transformed cells (You and Bird, 1995). As shown in Fig. 4B,
OA did not induce p34cdc2 accumulation. However, follow-
ing OA treatment, histone H1 kinase activity increased
threefold at GVB (Fig. 4A). On Western immunoblot using
anti-p34cdc2, the p34cdc2 upper and middle bands had almost
completely disappeared by the time of GVB (Fig. 4B), as is
also observed in spontaneously maturing competent oo-
cytes (Gavin et al., 1994). Our data thus indicate that OA
induces incompetent oocytes to express increased histone
H1 kinase activity at GVB, although the amount of p34cdc2
protein remains low.
After GVB, p42MAPK activation, sustained increase in
p34cdc2 activity, and spindle assembly are known to require
protein synthesis (Sobajima et al., 1993; Verlhac et al., 1993;
Gavin et al., 1994; Hampl and Eppig, 1995). OA treatment of
incompetent oocytes led to progressive p42MAPK activation
FIG. 2. Quanti®cation of p34cdc2 in incompetent and competent until MI (Fig. 4A), as con®rmed by a change in the migration
65-mm diameter oocytes. Sixty-®ve-micrometer oocytes were cul-
of p42MAPK detected by anti-p42MAPK antibody (Fig. 4C). His-tured during 12 hr either in control (A and B) or in cycloheximide-
tone H1 kinase activity also increased, culminating at MIcontaining medium (C and D). Thereafter, they were classi®ed as
(Fig. 4A). More or less abnormal MI spindles were assem-incompetent oocytes at germinal vesicle stage (GV) or competent
bled; these spindles were often multipolar and more elon-oocytes at germinal vesicle breakdown stage (GVB). Similar results
were obtained if 65-mm oocytes were cultured during 4±6 hr instead gated (up to 2.5-fold) (Fig. 5A) than normal MI spindles (Fig.
of 12 hr. Proteins were separated by 12% SDS±PAGE and trans- 5C), and the chromosomes were dispersed throughout the
ferred to nitrocellulose, and the same blots were sequentially spindle (Fig. 5B), instead of being aligned on the metaphase
probed with anti-p34cdc2 (A and C) and anti-p42MAPK (B and D) anti- plate (Fig. 5D). Since all the above events are induced by
bodies as described under Materials and Methods. One hundred OA, this suggests that activation of protein synthesis is also
oocytes were loaded per lane. Histograms below the immunoblots achieved in OA-treated incompetent oocytes. To verify this
represent the intensity of the bands assessed using a scanning densi-
hypothesis, we used the expression of a masked mRNAtometer; results are expressed as percentage of the value in 65-
known to be recruited following GVB, tissue-type plasmino-mm GVB oocytes. The experiment was performed three times with
gen activator mRNA (Huarte et al., 1985), as an index ofsimilar results.
translational activation. OA induced tissue-type plasmino-
gen activator synthesis 15±16 hr following GVB (Fig. 6) in
incompetent oocytes.
We conclude that OA induces incompetent oocytes toOur aim was to elucidate whether OA induces incompetent
oocytes to progress through the steps involved in mei- undergo events leading to MI even though the concentration
of p34cdc2 protein in these cells remains low.otic competence acquisition: centrosome phosphorylation,
p34cdc2 accumulation, and activation. We furthermore in-
vestigated whether OA-treated incompetent oocytes un-
dergo the different biochemical and cytological changes as- DISCUSSION
sociated with MI entry: induced protein synthesis, increase
in p34cdc2 kinase and p42MAPK activities, and spindle as- The acquisition of meiotic competence during the growth
of mammalian oocytes may be related to changes in thesembly.
First, to evaluate centrosome phosphorylation, we used quantity or the phosphorylation state of kinases involved
in the G2 to M transition of the cell cycle, such as p34cdc2/MPM-2 antibodies (Davis et al., 1983), which recognize a
set of mitotic phosphoproteins, some of which are localized cyclin B kinase and p42MAPK. Our data demonstrate that
(1) mouse oocytes incompetent to undergo GVB containto the centrosome (VandreÂ et al., 1984). Our results, like
those of Wickramasinghe and Albertini (1992), demonstrate inactive p34cdc2/cyclin B kinase and p42MAPK. (2) The total
amount and the concentration of p34cdc2, but not of cyclinthat centrosome phosphorylation is associated with the ac-
quisition of meiotic competence. Centrosomes in incompe- B, increase abruptly in oocytes at the time they acquire
meiotic competence; this is not the case for p42MAPK, thetent oocytes were not recognized by MPM-2 antibody (Figs.
3A and 3B), while OA treatment led to the appearance of concentration of which remains fairly constant throughout
oocyte growth. Thus, meiotic incompetence in growing oo-one (or more) cytoplasmic focus (foci) of MPM-2 reactive
material observed near the GV (Figs. 3C and 3D), compara- cytes is maintained at a point before MPF activation; p34cdc2
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FIG. 3. MPM-2 antigen expression and localization in okadaic-acid-microinjected growing incompetent oocytes. Germinal-vesicle-con-
taining incompetent oocytes were ®xed before (A and B) or 2 hr after (C and D) injection of okadaic acid; competent oocytes were ®xed
in prophase (E and F). Oocytes were doubly stained by indirect immuno¯uorescence using an anti-MPM-2 antibody (A, C, and E) and with
Hoechst dye (B, D, and F). MPM-2 antigens are not expressed in control incompetent oocytes (A and B), while they are detectable in
competent oocytes (arrow in E and F). In incompetent oocytes, okadaic acid treatment leads to the appearance of an anti-MPM-2 stained
cytoplasmic focus near the germinal vesicle (arrow in C and D). The experiment was performed three times with similar results. Magni®ca-
tion, 960-fold.
accumulation and the development of oocyte competence cytes both subunits of MPF, p34cdc2 and cyclin B, are present
in comparable amounts in incompetent and competent oo-to spontaneously undergo GVB are strongly correlated,
since oocytes of 65-mm diameter remaining at the GV stage cytes (Christmann et al., 1994; Goren et al., 1994). The
transcriptional or translational events controlling p34cdc2 ac-contain less p34cdc2 (less pre-MPF) than those resuming mei-
osis. The amount of the catalytic subunit of MPF, p34cdc2, cumulation at the time of meiotic competence acquisition
remain to be elucidated.may therefore be a limiting factor for spontaneous meiotic
competence acquisition. This has also been suggested by OA has been described as inducing (You and Bird, 1995)
the expression of cell cycle regulatory genes in somaticChesnel and Eppig (1995a). By contrast, in pig and rat oo-
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cells; it has also been shown to overcome the incompetence
of small oocytes (Gavin et al., 1991; Chesnel et al., 1994).
Our results indicate that OA induces (1) centrosome phos-
phorylation; (2) cell cycle progression following very de-
layed/slow kinetics without increasing the amount of
p34cdc2; and (3) changes in the phosphorylation state of
p34cdc2 and p42MAPK that accompany their activation, so that
histone H1 and MAP kinase activities increase at GVB and
culminate at MI. These results are in accord with those of
Chesnel and Eppig (1995b) and Harrouk and Clarke (1995).
Altogether, our results show that OA bypasses the thresh-
old level requirement of p34cdc2 necessary for spontaneous
meiotic resumption. The delayed kinetics of meiosis in OA-
treated incompetent oocytes may be explained by the acti-
vation of the subthreshold level of p34cdc2. Whether this
activation of cdc2 involves threonine 161 phosphorylation
or tyrosine 15 dephosphorylation (balance of cdc25 and wee
1 activities) remains to be investigated. Another hypothesis
would be that OA leads to GVB through a process in which FIG. 5. Okadaic acid induces the formation of a more or less ab-
MAP kinase activation precedes and/or potentiates cdc2 ki- normal spindle in incompetent oocytes. Incompetent oocytes were
®xed 20 hr after OA treatment (metaphase I) and competent oocytesnase activation (Shibuya et al., 1992; Nebreda et al., 1993;
were ®xed following 8 hr of culture (metaphase I). Oocytes wereKosako et al., 1994a,b). OA might also act through an alter-
doubly stained by indirect immuno¯uorescence using an anti-a-native pathway involving a still unknown regulator or ki-
tubulin antibody (A and C) and with Hoechst dye (B and D). Innase(s) other than cdc2 or MAPK that would be important
okadaic-acid-treated incompetent oocytes (A and B), the microtu-
bules form an abnormal tripolar metaphase I spindle (A) and the
chromosomes are dispersed throughout the spindle (B). Control
competent oocytes in metaphase I have assembled a typical barrel-
shaped spindle (C and D). The experiment was performed three
times with similar results. Magni®cation, 935-fold.
for structural changes in the nuclear membrane (Osmani et
al., 1991). Once the subthreshold level of p34cdc2 is bypassed
by OA, the cell cycle progresses up to MI. This suggests that
p34cdc2 accumulation is required only for the spontaneous
trigger of meiotic resumption. Cyclin B, being present in
similar amounts in incompetent and competent oocytes, is
probably not a limiting factor. In this context, it is puzzling
to note that the subthreshold level of p34cdc2 is not entirely
FIG. 4. Activation of p34cdc2 kinase and p42MAPK following okadaic
acid treatment of growing incompetent oocytes. (A) Incompetent
oocytes were incubated for 2 hr in okadaic-acid-containing me-
dium. At the time of germinal vesicle breakdown (GVB) or at meta-
phase I (MI), they were lysed and processed for histone H1 and MAP
double kinase assay. Five oocytes were loaded per lane. Histone H1
(H1) was used as a substrate for p34cdc2/cyclin B (H1K), and myelin
basic protein (MBP) as a substrate for MAP kinase (MAPK). H1 and
MAP kinase activities were quanti®ed by densitometry; activities
are expressed as the fold increase over the basal level detected FIG. 6. Zymographic analysis of tissue-type plasminogen activa-
tor expression in okadaic-acid-treated incompetent oocytes. Incom-in control germinal-vesicle-containing incompetent oocytes (GV)
(mean { SD of ®ve experiments). (B and C) Oocytes were microin- petent oocytes were incubated in okadaic-acid-containing medium
(OA) or in control medium (C) and processed for zymographic anal-jected with okadaic acid. Proteins were separated by 12% SDS±
PAGE and transferred to nitrocellulose, and the same blot was ysis following 21 hr of culture as described under Materials and
Methods. For comparison, spontaneously maturing oocytes weresequentially probed with anti-p34cdc2 (B) and anti-p42MAPK (C) anti-
bodies as described under Material and Methods. One hundred oo- processed for zymographic analysis 7 hr following germinal vesicle
breakdown. Five oocytes were loaded per lane. The experiment wascytes were loaded per lane. The experiment was performed three
times with similar results. performed three times with similar results.
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and meiotic competence in growing pig oocytes. Mol. Reprod.associated with cyclin B, as revealed by the presence of
Dev. 38, 85±90.the fast migrating unphosphorylated free catalytic form of
Cohen, P., Holmes, C. F. B., and Tsukitani, Y. (1990). Okadaic acid:p34cdc2 in incompetent oocytes. The lack of complex forma-
A new probe for the study of cellular regulation. Trends Biochem.tion between these proteins may represent an additional
Sci. 15, 98±102.mechanism underlying meiotic incompetence.
Colonna, R., Cecconi, S., Tatone, C., Mangia, F., and Buccione,
Taken together, our results, which are in accord with R. (1989). Somatic cell±oocyte interactions in mouse oogenesis:
those of Chesnel and Eppig (1995a), point toward p34cdc2 as a Stage-speci®c regulation of mouse oocyte protein phosphoryla-
critical determinant in meiotic competence, although even tion by granulosa cells. Dev. Biol. 133, 305±308.
low levels of p34cdc2 appear suf®cient to allow at least the Courvalin, J. C., Segil, N., Blobel, G., and Worman, H. J. (1992).
initial steps of meiotic reinitiation when incompetent oo- The lamin B receptor of the inner nuclear membrane undergoes
mitosis-speci®c phosphorylation and is a substrate for p34cdc2-cytes are exposed to OA. The delayed progression of such
type protein kinase. J. Biol. Chem. 267, 19035±19038.incompetent oocytes toward GVB suggests that a low level
Dalton, S. (1992). Cell cycle regulation of the human cdc2 gene.of p34cdc2 allows only a slow progression through the cell
EMBO J. 11, 1797±1804.cycle or that the accumulation of additional factors is also
Davis, F. M., Tsao, T. Y., Fowler, S. K., and Rao, P. N. (1983).required for acquisition of physiological meiotic compe-
Monoclonal antibodies to mitotic cells. Proc. Natl. Acad. Sci.tence.
USA 80, 2926±2930.
Dessev, G., Iovcheva-Dessev, C., Bischoff, J. R., Beach, D., and
Goldman, R. (1991). A complex containing p34cdc2 and cyclin B
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